Alternation between DNA replication in the mother cell (S phase) and equal partitioning of the replicated chromosomes to the daughter cells (M phase) during eukaryotic cell division is governed by switches that flip protein kinases on and off. New work reveals that the M-phase promoting kinase is opposed by a phosphatase that also participates in a bistable switching mechanism.
To say that we understand the molecular basis of any aspect of cell biology is to provide a clear and convincing molecular explanation of the characteristic physiological features of the phenomenon. For example, the cell division cycle in eukaryotes proceeds through a fixed, circular sequence of four phases: G1 (unreplicated chromosomes) to S (DNA synthesis) to G2 (replicated chromosomes) to M (mitosis) and back to G1. Under ordinary circumstances, the transitions from one phase to the next are 'irreversible', e.g. the cell does not slip back to do a second round of DNA replication before dividing or try to carry out two mitotic divisions without an intervening S phase. It is now recognized that the irreversibility of the G2-to-M transition is due to 'bistability' in the molecular mechanism that activates the M-phase promoting kinase. A new study published in this issue of Current Biology by Mochida et al. [1] shows that the G2-to-M transition is actually governed by a pair of bistable switches: one controlling the kinase and the other controlling its counteracting phosphatase.
During the triumphant decades of molecular cell biology , it was discovered that the progression of eukaryotic cells through the DNA replication/division cycle is governed by the orderly phosphorylation and dephosphorylation of a large number of proteins (the 'substrates' in Figure 1 ) by a particular class of 'cyclin-dependent' protein kinases [2, 3] . The first of these kinases, originally called MPF, for M-phase promoting factor, was confirmed to be a heterodimer of Cdk1 (the catalytic subunit) and cyclin B (a regulatory subunit). Wherever we look among Eukarya, we find this kinase complex playing a key role as cells enter mitosis. To exit mitosis, the kinase activity must be killed (usually by degradation of the cyclin component), and the phospho-groups must be removed from the mitotic substrates by counteracting protein phosphatases.
It was recognized early on that, while cyclin B levels increase steadily during S and G2 phases, the kinase activity of the Cdk1-CycB complex rises sharply as cells enter M phase. Yeast geneticists, led into battle by Sir Paul Nurse [3], discovered a regulatory network controlling the activity of MPF. A kinase called Wee1 inhibits MPF by phosphorylating Cdk1 on Tyr15, while a counteracting phosphatase called Cdc25 activates MPF by removing this inhibitory phosphorylation. Surprisingly, it was quickly discovered that Cdk1 regulates its own regulators by inhibiting Wee1 and activating Cdc25 through phosphorylation (Figure 1) .
That this seemingly simple three-enzyme system is capable of generating complex regulatory output of relevance to cell-cycle progression was only realized when Novak and Tyson studied a mathematical model of this network (highlighted as 1 in Figure 1 [4]. Their analysis revealed that the Wee1-Cdk1-Cdc25 system constitutes a bistable switch, which explains both the abrupt activation of Cdk1 required for M-phase entry and the irreversibility and directionality of cell-cycle progression into and out of M phase. Confirming this model required careful measurements of concentrations and enzyme activities as well as methods to manipulate them, and thus took many years [5, 6] . Once confirmed, however, the concept of bistability changed our view of cell-cycle control from smooth oscillations of Cdk1 activity to a ratchet-like sequence of low and high Cdk1 states [7] . (Sotto voce: this realization has yet to work its way into standard textbooks of molecular cell biology.)
In hindsight, however, problems were lurking in this 'kinase-centric' view of cell-cycle control. At a time when cell-cycle research was dominated by analysing kinases, Cdk1-counteracting phosphatases were unknown and were therefore modelled as a constitutive enzymatic activity. This raises another problem: if the constitutive phosphatase is weakly active, then how can mitotic substrates be rapidly dephosphorylated as the cell exits mitosis and returns, in a matter of minutes, to G1 phase? If the phosphatase is strong throughout M phase, then the cell will be doing a lot of futile cycling of ATP when both the mitotic kinases and phosphatases are active.
What are these mysterious Cdk1-counteracting phosphatases and how are they regulated? One early candidate was Cdc14, an essential phosphatase in yeast cells, which is activated by an elaborate mechanism at the metaphaseto-anaphase transition [8] . But Cdc14 is not an essential gene in other organisms, and it does not seem to be the chief Cdk1-counteracting phosphatase in mitosis. That role belongs to protein phosphatase 2A and its regulatory subunit B55. PP2A-B55 is inhibited
